(a) Lubricant F; failure index, 18 out of (b) Lubricant E; failure index, 20 out of (c) Lubricant A; failure index, 20 out of (d) Lubricant K; failure index, 18 out of (e) Lubricant C; failure index, 20 out of (f) Summary. The type of EP addi t ive required will depend on the severity of the conditions of the meshing gear teeth, such as sliding velocity, surface temperature, and contact load. The boundary films can provide lubrication at different temperature conditions, depending on the materials used. Some boundary films melt at a lower temperature than others and thus fail to protect the surfaces (4) . The failure temperature is the temperature at which the lubricant film fails. In EP lubrication, the failure temperature is that at which the boundary film melts. The melting point or thermal stability of surface films appears to be one unifying physical property that governs the failure temperature for a wide range of materials (4) .
Virtually all effective EP additives are organic compounds that contain one or more elements such as sulfur, chlorine, phosphorous, carboxyl, or carboxyl salt that can react chemically with metal surfaces under the I Denotes references at end of text.
conditions of boundary lubrication (5) . When these compounds react with metal surfaces they form inorganic films that can provide effective lubrication at high temperature and high sliding speed. These films are more stable than any physically or chemically absorbed film (6).
The NASA fatigue spin rig and five-ball fatigue tester were used to determine the rolling-element fatigue lives at room temperature and at 422 K (300 °F) of groups of AISI M-2 and AISI M-1 steel balls run with nine lubricants having varied chemical and physical characteristics (7) (8) (9) . These lubricants were classified as three basic types: esters, mineral oils, and silicones. In the spin rig tests longer fatigue lives were obtained at room temperature with the silicone and one of the esters, a dioctyl sebacate, than with other lubricants. At 422 K (300 °F) in the spin rig where pure rolling occurs, the silicone and the mineral oils gave the longer lives (7). Similar results were obtained with gears (10) . The relative order of fatigue results obtained in the five-ball fatigue tester compared favorably with that obtained with 7208-size ball bearings (7) tested with the same lubricants. In the five-ball fatigue tester at 422 K (300 °F) the silicone induced such a high wear rate in the ball specimens because of ball spinning to preclude long term fatigue testing. The difference in life between these lubricants can be attributed to the elastohydrodynamic (EHU) film forming properties of the lubricants (8,9).
Rolling-element fatigue tests were conducted in the five-ball fatigue tester using a base oil with and without surface active additives. The 12.7-mm (0.500-in)-diameter test balls were either AISI 52100, AISI M-50, or AISI 1018 steel (9, 11) . The test lubricant was an acid-treated white oil containing either 2.5 percent sulfurized terpene, 1 percent didodecyl phosphite, or 5 percent chlorinated wax. Nine combinations of materials and lubricants (six containing additives) were tested at conditions including a maximum Hertz stress of 5.52 GPa (800 000 psi), a shaft speed of 10 700 rpm, and a race temperature of 339 K (150 °F). With the exception of the chlorinated wax additive, these additives showed essentially no statistical differences between the lives using the base oil with the additive and those without the additive.
The presence of the chlorinated wax produced surface distress and a significant reduction in life.
The additives used with the base oil did not change the life ranking of bearing steels in these tests where rolling-element fatigue was of subsurface origin. That is, regardless of the additive content of the lubricant, the lives with the three materials ranked in descending order as follows: AISI 52100, AISI M-50, AISI 1018 (9,11).
The research reported herein, which is based on the work reported in (12, 13) , was undertaken to investigate the effects of lubricant base stock and additive content on spur gear tooth surface life. The primary objectives were (a) to determine the effects of six lubricants on the s p ur gear life, (b) compare the surface pitting fatigue lives of the test spur gears using a tetraester oil with and without EP additives, and (c) determine the changes in chemical compositicn over the surface of the gear teeth and relate these changes to the effectiveness of the EP additives in forming the boundary film.
GEAR TEST APPARATUS
The gear fatigue tests were performed in the NASA Lewis Research Center's gear test apparatus. The test rig is shown in Fig. 1 and described in (14) .
This test rig uses the four-square principle of applying the test gear load so that the input drive only needs to overcome the frictional losses ' in the system.
A schematic of the test rig is shown in Fig. 1 However, it is expected that each of the oils would have antiwear and extremepressure (EP) additives as well as oxidation and rust inhibitors.
The lubricant F, synthetic paraffinic oil, is the standard lubricant used by the authors in their gear test facility (16) . It is commercially available with an oxidation inhibitor. An EP additive package was added to the as-received oil. This additive package and the amount added is given in Table IV . The pitch-line elastohydrodynamic (EHO) film thickness was calcultted by the method of (17) and (18) and using the data of Table IV for each of the lubricants. It was assumed, for this film thickness calculation, that the gear surface temperature at the pitch line was equal to the oil temperature at the outlet of the gearbox and that the oil temperature entering the contact zone was equal to the gear temperature, even though the temperature of the oil jet to the gears was considerably lower. It is possible that the gear surface temperature was even higher than the oil outlet temperature, especially at the end points of sliding contact. The computed EHO film thicknesses are given in 
RESULTS AND DISCUSSIGN
Gear life. The surface pitting fatigue life of the AIS1 9310 gears run with lubricant F, the synthetic paraffinic oil is shown in Fig. 2 . These data which are shown on Weibull coordinates were analyzed by the method of (19) .
The life shown is the life of gear pairs failed in millions of stress cycles.
The gear teeth receive one stress cycle per revolution. A failure is defined as one or more spells covering motto, than 50 percent of the width of the tooth Nertzian contact. A typical fatigue spall is shown in Fig, 3(a) . A cross section of the spall is shown in Fig. 3(b) . The failure index in Fig. 2 indicates the number of failures out of the number of tests run. For lubricant F, the failure index was 18 out of 19.
Lubricant F is the standard test oil used with all of the NASA gear material endurance tests (16) . The 10-and 50-percent system lives (these are the lives at a 90-and 50-percent probability of survival, respectively) were 18.8 million and 46.1 million revolutions or stress cycles, respectively. The life results are summerized in Fig. 2 and Table VI. The surface pitting fatigue life of the CVM AISI 9310 steel spur gears run with lubricant E, a dibasic acid ester, are summarized in Fig. 2 and Table V1 . 
Chemical Effects
Except for lubricants L-1 to L-4, the other lubricants studied were commercial products having proprietary additives. As a result the additive contents could not be directly identified nor directly assessed. These lubricants were also tested in an OH-5B helicopter transmission. An x-ray fluorescence (XRF) filter method was used to identify and measure the metals sulfur. Sulfur appears to be the major constituent in the additive package.
The zinc could be due to wear when present with copper or an additive when present alone. This additive package is more typical of reciprocating piston engine oil. Strong acid was indicated in the oil which was probably due to free sulfonic acid from the additives. The life with this lubricant was nearly identical to F.
From the results for lubricant K, a pentaerythritol ester, a predominance of chlorine is indicated which is significantly more than with the other lubricants. The other additive present appears to be phosphorus. No sulfur appears present. This lubricant produced the highest life of all the lubricants studied although the higher life was not statistically significant.
These results may contradict those rolling-element fatigue results from (9) which showed a chlorinated wax additive to be detrimental to life. However, the tests in (11) were run at Hertz stresses more than three times (5.5 mPa has no sulfur present, it is strongly suggested that the phosphorus additive has no detrimental effect and could have a beneficial effect on the surface pitting fatigue life of gears. What appears to be important is that in order to obtain reasonable gear life expectancy, a phosphorus additive or a combination of phosphorous, chlorine and possible sulfur must be present in reasonable quantities (not less than 2.5 ppm is suggested but not substantiated from the results presented herein).
The fact that lubricant K gave the best life with on'y phosphorus and chlorine and no sulphur additive suggest that a sulphur additive is not necessary for good gear life at the conditions tested. 
Scanning Auger microscope (SAM) images of the gear tooth surfaces made
after testing showed that gears tested with 0.1 wt % sulfur and 0.1 wt % phosphorus EP additives in the lubricant had reactive surface films that were 200 to 400 (0.8 to 1.6 pin) thick. , cm (1n) , , , , , . . . , . , 0.485 (0.191)  Pressure angle, deg. . . . . . . . . . . . . . . . . . . , 20 Pitch diameter, cm (in). 8.890 (3,500 Outside diameter, cm (in)
. . TABLE III. -HEAT TREATMENT FOR AISI 9310 Step Process Temperature, Time, hr Carburize  1172  1650  8  3 Air cool to room temperature ----
Copper plate all over -------------- aSee Table 5 . 
See page Notes on %RF Particulate Wear Metal Analysis. b Presence could be due to wear when present with copper, or as an additive when present alone. nP rob ab ly present as additives, dLimit of detection for sample, when shown, element is less than this value. Spur gear endurance tests were conducted with six lubricants using a single lot of consumable-electrode vacuum melted (CVM) AISI 9310 spur gears. The sixth lubricant was divided into four batches each of which had a different additive content. Lubricants tested with a phosphorus-type load carrying additive showed a statistically significant improvement in life over lubricants without this type additive. The presence of sulphur type antiwear additives in the lubricant did not appear to affect the surface fatigue life of the gears. No statistical difference in life was produced with those lubricants of different base stocks but with similar viscosity, pressure-viscosity coefficients and antiwear additives. Gears tested with a 0.1 wt % sulfur and 0.1 wt % phosphorus EP additives in the lubricant had reactive films that were 200 to 400 (0.8 to 1.6 1,in) thick. 
